When supersymmetry is spontaneously broken at tree level, the spectrum of the heterotic string compactified on orbifolds of tori contains an infinite number of potentially tachyonic modes. We show that this implies instabilities of Minkowski spacetime, when the scale of supersymmetry breaking is of the order of the string scale. We derive the phase space structure of vacua in the case where the tachyonic spectrum contains a mode with trivial momenta and winding numbers along the internal directions not involved in the supersymmetry breaking.
Introduction
Phase transitions occur in various contexts in high energy physics. The most common setup describing such effects is the Brout-Englert-Higgs mechanism, which occurs when a scalar field φ becomes tachyonic. When the squared mass is negative, φ sits at a maximum of the scalar potential and therefore condenses. The new vacuum expectation value (vev) of φ minimizes (locally) the potential, and the theory has switched from a "wrong" to a "true" vacuum. What we review in the present note is that a similar condensation occurs in string theory, when the scale M susy of spontaneous supersymmetry breaking is of the order of the string scale M string [1] .
To be specific, we consider classical string models in Minkowski spacetime, where supersymmetry is spontaneously broken. Because there is only one true constant scale in the theory, which is M string , the scale M susy is a field the tree level potential V depends on. Our assumption on flatness of the classical background amounts to saying that minima of V lie at V = 0. It turns out that local supersymmetry implies the latter to be degenerate, and that one of the flat directions is parameterized by the field M susy itself. For this reason, the supergravity models describing the spontaneous breaking of supersymmetry in flat space are referred as "no-scale models" [2] , since there is no preferred value for the vev M susy at tree level. In the framework of string theory, this statement is actually valid up to a critical value M c of M susy , which is of the order of M string . Above this bound, the condensation of a tachyonic scalar triggers a second order phase transition from the no-scale phase to a new phase, which is argued to be associated with a non-critical string theory. Even though this phenomenon is physically very different from the Hagedorn phase transition encountered in string theory at finite temperature T , when the latter is of the order of M string [3] , it turns out to be similar from a technical point of view [4, 5] .
In its usual formulation, string theory is defined in first quantized formalism. This means that what is known (at least in principle) is the massless and massive spectrum that is allowed to populate a consistent vacuum described by a conformal field theory on the worldsheet. In order to find the shape of the potential far from the vacuum under consideration, one should in principle evaluate an infinite number of correlation functions, and resum them in order to reconstruct the full expression of the off-shell tree level potential. Alternatively, we may consider in principle a second quantized formulation of string theory, i.e. string fields theory, in order to derive the potential. However, given the fact that we are only interested in the vacuum structure of the tree level potential, we will analyze the problem at low energy, in the effective supergravity.
In Sect. 2, we introduce a class of string theory no-scale models in four dimensions that realize the N = 4 → N = 0 spontaneous breaking of supersymmetry. In Sect. 3, we implement an orbifold action that reduces the initial N = 4 supersymmetry to N = 1, and we present the necessary ingredients to derive the tree level potential V in presence of super-Higgs mechanism. The final expression of V is presented in Sect. 4, where the different phases of the theory are derived. Our conclusions can be found in Sect. 5.
N = 4 → N = 0 Heterotic No-Scale Models
Our starting point is the heterotic string compactified on a 6-dimensional torus, where supersymmetry is spontaneously broken by a stringy version [6] of the Scherk-Schwarz mechanism [7, 8] . In field theory, the latter is a refined version of the Kaluza-Klein reduction we first present in its simplest possible realization. Let us consider a field theory in 4 + 1 dimensions, where the extra coordinate is compactified on a circle of radius R 4 . Assuming the existence of a symmetry with conserved charge Q in 4 + 1 dimensions, we may impose Q-dependent boundary conditions for every field ϕ, which translate into Kaluza-Klein masses M for its Fourrier modes m 4 ∈ Z,
(2.1)
In the above formulas, µ ∈ {0, . . . , 3} and we have included a parameter e = 1 or 0 in order to describe both Scherk-Schwarz and Kaluza-Klein cases, respectively. When the higher dimensional theory is supersymmetric and we choose Q ≡ F 2 + Q susy , where F is the fermionic number and Q susy is a constant charge within each supermultiplet, the boson/fermion degeneracy in four dimensions is lifted and the theory describes a super-Higgs mechanism, with scale M susy = e/(2R 4 ).
In the E 8 × E 8 heterotic string compactified on a factorized torus T 6 ≡ S 1 (R 4 ) × T 5 , the previous mass formula in string units (M string = 1) is generalized to [6] 
where n 4 ∈ Z is the winding number of the string along S 1 (R 4 ), and Q ≡ (Q, Q 2 , Q 3 , Q 4 ) is a quadruple of charges arising from the fact that for e = 0 the theory is N = 4 supersymmetric. The above equation applies to the lightest modes, which in the bosonic sector have (Q, Q 2 , Q 3 , Q 4 ) = (±1, 0, 0, 0) or permutations. Notice the presence of the −1 contribution in the squared brackets, which is the zero point energy arising from the quantization of the fields on the worldsheet. In the supersymmetric case (e = 0), we have M 2 ≥ 0 for all modes, while in the spontaneously broken case (e = 1), the dangerous contribution −1 is not canceled when Q = n 4 = ±1. Looking at this fact more closely, one finds that the pair of scalar
Therefore, an instability arises in the theory when the supersymmetry breaking scale M susy reaches the critical value M c = 1/(2R c ).
Moreover, taking into account the fact that the tachyonic modes may also have non-trivial momentum m 5 ∈ Z or winding number n 5 ∈ Z (but not both, due to the left/right-level matching) along one more internal direction X 5 , their mass formula becomes
4)
where we have assumed for simplicity the internal space to be factorized as
Therefore, the larger (smaller) R 5 is, the larger the number of tachyonic momentum (winding) states along S 1 (R 5 ) is, as shown in Fig. 1 . One of our goal is then to see whether the infinity of potentially tachyonic modes yield a multiphase diagram or not, beside the no-scale-phase we started with. Of course, even if we will not do so, this question may be considered in the most general case, where the momenta and winding numbers along 3 Gauged N = 4 Supergravity Truncated to N = 1
Gauged N = 4 supergravity contains a gravity multiplet coupled to an arbitrary number 6 + k of vector multiplets [9] [10] [11] [12] [13] . The scalar content is a complex field Φ and 6 × (6 + k) real scalars Z S a , a ∈ {4, . . . , 9}, S ∈ {4, . . . , 15 + k}, defining a non-linear σ-model with target space
.
The coordinates of the second coset satisfy
To diminish the number of degrees of freedom and simplify the analysis, we implement from now on a Z 2 × Z 2 orbifold action on the parent supersymmetric heterotic model, which reduces N = 4 to N = 1. The generators G 1 , G 2 act respectively as twists X a → −X a on the directions X 6 , X 7 , X 8 , X 9 and X 4 , X 5 , X 8 , X 9 , thus reducing T 6 to
In that case, the choice of charge Q must be compatible with the orbifold action. A consistent choice amounts to taking the O(2) current with a = 6, b = 8 (i.e. in distinct T 2 tori). To convince ourselves, let us note that the tachyonic modes, say with pure momenta along T 2 × T 2 , transform consistently into each other under G 1 and G 2 : 1
On the contrary, with (a, b) = (6, 7) or (8, 9) , the generator G 1 would inconsistently send the tachyons into massive superpartners. In the above formula, we have introduced a discrete torsion ξ = 1 or 0 that yields two drastically different patterns of tachyonic modes surviving the G 1 -orbifold action. 2 In the following, we restrict ourselves to the analysis of the case ξ = 1. Notice that since the O(2) generator used to implement the Scherk-Schwarz breaking of N = 1 supersymmetry rotates directions of distinct T 2 's, some of the tori deformation moduli are projected out.
Our goal is to derive the N = 1 supergravity potential V that depends on the scalar fields whose masses are given in Eq. (2.4), and on the radii R 4 , R 5 and the dilaton field.
This amounts to freezing (artificially) all remaining moduli, which are associated with (i)
Wilson lines, (iii) or which arise from the twisted sectors. Moreover, as said before, we do not include the potentially tachyonic modes with non-trivial momentum or winding numbers along X 6 , X 7 , X 8 , X 9 , which we expect would not change the final phase diagram for the choice of discrete torsion ξ = 1 considered in this work. In that case, we find convenient to derive the result by truncating suitably the N = 4
gauged supergravity associated with the parent N = 4 → N = 0 heterotic no-scale model.
The non-linear σ-model reduces to coordinates Z S a , those which do not survive the truncation are set to zero. For instance, the third coset is parameterized by Z S a , a ∈ {6, 7}, where the superscript is restricted to S ∈ {12, . . . , 11 + k + } ≡ I, and that satisfy S,T ∈I η ST Z S a Z T b = −δ ab .
Once we know the supermultiplet content of the N = 4 supergravity, we need to specify the gauging, i.e. the non-Abelian interactions between the gauge bosons belonging to the vector multiplets as well as the 6 graviphotons. This amounts to determining the structure constants f RST , totally antisymmetric in their indices R, S, T ∈ {4, . . . , 9 + (2 + k + + k − )}.
By supersymmetry, a potential is generated, which is [9] [10] [11] [12] [13] [14] 
To understand how the structure constants can be determined, it is instructive to consider as an example the supersymmetric case (e = 0), for which the leftand right-moving generalized momenta and squared mass for m 4 = −n 4 = , m 5 = n 5 = 0, Q 2 = 1 take the following form:
(3.5)
When R 4 = 1, two vectors multiplets become massless and satisfy p 4L = 0, p 4R = √ 2.
Recognizing p 4R to be the non-Cartan charges of SU (2), one concludes that the massless vector multiplet enhance the U (1) L × U (1) R gauge symmetry generated by the dimensionally reduced metric and antisymmetric tensor, (G + B) µ4 , (G − B) µ4 , to U (1) L × SU (2) R . As a result, in a supersymmetric string theory model at some given point in moduli space, the structure constants in a Weyl-Cartan basis are nothing but the generalized momenta evaluated in the associated background, p IL , p IR [14] . the non-trivial structure constants involving vector multiplets are, up to antisymmetry,
Moreover, the non-Abelian structure of the 6 graviphotons of N = 4 supergravity must be specified. For this purpose, we consider an ansatz consistent with the Z 2 ×Z 2 orbifold action,
where the right hand sides will be determined by imposing the no-scale supergravity phase to reproduce data of the heterotic model.
Tree level potential
We are ready to derive the potential of the Z 2 × Z 2 truncated N = 4 supergravity, by using all ingredients introduced in the previous sections. In Eq. (3.3), the last three cosets can be reparameterized in terms of "constrained" variables φ S satisfying Z ST = 4 φ SφT +φ S φ T .
In particular, for the second manifold, we define
where T, U are "unconstrained" complex coordinates. Similarly, for the third coset, we take
in terms of unconstrained Calabi-Vesentini complex coordinates ω A . Finally, φ 8 , φ 9 , φĀ can be expressed in terms of unconstrained coordinates ωĀ of the fourth manifold.
In order to identify tachyons and anti-tachyons, and to set to zero their massive superpartners (the tachyons belong to chiral multiplets), we impose ω ≡ ωĀ ∈ R. Moreover, because we restrict our analysis to the case where the compact directions X 4 , X 5 are factorized circles S 1 (R 4 ) × S 1 (R 5 ), we take the supergravity variables T, U to be of the form T = iR 4 R 5 , U = iR 4 /R 5 . In these conditions, the truncated gauged N = 4 supergravity potential takes the following form [1] 
where C (0) , C
A , C
AB are explicitly given in terms of the moduli R 4 , R 5 and the structure constants of Eqs (3.6), (3.7) . The dictionary between the supergravity variables and the string theory moduli may not be trivial. Therefore, we introduce real coefficients γ dil , γ 4 , γ 5 such that
where φ dil is the string theory dilaton field. Imposing that in the no-scale supergravity phase, where all Ω A 's vanish, the cosmological constant is zero, and the mass spectrum matches
Eq. (2.4), we find two solutions (σ = ±1)
In the end, written in terms of the heterotic string theory moduli fields, the potential takes the final form,
Some remarks are in order. First, we note that the duality transformations 
Third, when R 4 sits in the range of Eq. (2.3), one finds two degenerate branches of extrema with respect to the Ω A 's and the radii:
Only one scalar condenses, which is the tachyon with trivial momentum and winding numbers in all directions other than the Scherk-Schwarz circle S 1 (R 4 ). Expanding the condensing mode as ±1/2 + δΩ 0 , and the radius as R 4 = 1/ √ 2 + δR 4 , the potential becomes for small fluctuations of the fields
(4.10)
Therefore, δR 4 , δΩ 0 and all non-condensing Ω A 's are massive, while R 5 is massless. However, the dilaton field has a tadpole and cannot be stabilized. Actually, writing the effective action in string frame,ĝ µν = e 2φ dil g µν , where g µν is the Einstein frame metric, one obtains
whereR is the Ricci curvature. Notice that this expression matches the action of a noncritical string theory with linear dilaton background φ dil = κ µ X µ +φ 0 , where κ µ is a constant vector. As a result, it may be that the new phase arising from tachyon condensation, and which is characterized by a negative potential, is associated with a new fundamental heterotic string theory in non-critical dimension [1, 4, 5] .
Conclusion
In this note, we have considered classical heterotic string backgrounds realizing the spontaneous breaking of N = 1 supersymmetry in Minkowski spacetime, and we have shown that the scale M susy cannot exceed some critical value M c = O(M string ). We have restricted our analysis to the case where the condensing tachyon has vanishing momentum and winding numbers along the internal directions not involved in the Scherk-Schwarz breaking of supersymmetry. However, as can be seen from Eq. 3.2, another choice of discrete torsion in the model imply all potentially tachyonic states surviving the orbifold action to have non-trivial momentum or winding in these directions. It would be very interesting to apply our approach to this case, in order to find all different regions in moduli space corresponding to new string theory phases.
Another interesting generalization of our work would be to take into account all metric and antisymmetric tensor modui-dependence of the torus of coordinates X 4 , X 5 . In that case, the region in moduli space where the tachyon condensation takes place is much more involved.
As a conclusion, let us mention that because in the very early universe the supersymmetry breaking scale is naturally of the order of the string scale, the phenomenon described in the present work may yield an alternative paradigm to inflation or bouncing cosmologies.
